tocytes.4 It would appear that similar transport must occur in man although the precise site and quantity of transfer has been the subject of considerable debate.4 9 2(}23 In rats, moreover, it seems clear that IgA is not the only protein which can be transferred from plasma to bile by passage across hepatocytes; this would also appear to be the route of transfer for haemoglobin, which appears in bile as a haptoglobin-haemoglobin complex 4 25 and possibly for other proteins. 25 The main systematic studies on human bile proteins are those carried out by Dive and Heremans in 19749 in which only five proteins were investigated and the study of Delacroix et al26 which concentrated on biliary immunoglobulins. We have, accordingly, reinvestigated the protein composition of human bile using specimens drawn by a variety of techniques and using techniques which enable us to study a wide variety of different proteins.
Methods

MATERIALS
Monospecific antisera against human serum proteins were, when available, those prepared by Dako Immunoglobulins, (Copenhagen, Denmark) and supplied through Mercia Brocades (Byfleet, Surrey). Other antisera were purchased from Nordic Immunological Laboratories (Maidenhead, Berks), Seward Laboratories (London SE1) or Behringwerke AG (Marburg, West Germany). Anti-human bile antiserum was prepared in rabbits maintained in the University of Surrey animal house using the injection schedule described in earlier studies. 27 Only 'normal' biles, as classified in paragraph 2 of the results section, were used in the antigen-mixtures injected.
Twelve bile samples from six patients, five of whom had undergone cholecystectomy were obtained by endoscopic retrograde choledochopancreatography (ERCP) and given to us by Dr Mary Chapple, Middlesex Hospital.
Six bile samples were obtained by T-tube drainage after cholecystectomy and provided by Dr Parveen Kumar, St Bartholomews Hospital and one sample from St Georges Hospital.
Thirteen samples were obtained by needle aspiration from the biliary tract at laparotomy from patients not known to have hepatobiliary disease, and were given to us by Mr Tim Cooke, Southampton General Hospital.
Bile from subjects without hepatobiliary disease was obtained by aspiration from the duodenum. One sample was a pool of duodenal juice from 12 normal volunteers and the gift of Dr Bile samples were collected from 46 different patients. Study of the concentrations of particular proteins in the initial batch of 29 samples showed that the bile specimens could be divided into three groups. In the majority of specimens, there was, for major plasma proteins such as IgG, transferrin and albumin, a linear relationship between the ratio of the biliary and normal plasma concentration and the reciprocal of the molecular weight as has already been described by Dive and Heremans (Fig. 2a) . Significant numbers of patients, however, had very large amounts of high molecular weight proteins in their bile (Fig. 2b ). In these patients there was little change in the bile-plasma ratio with molecular weight, which is consistent with massive leakage of plasma into bile. These were classified as plasma-rich biles. There appeared to be a clear cut distinction between the two groups -whereas the range of cr2-macroglobulin in the 23 normal biles was 0-1.9% of the plasma concentration, that in the five plasma-rich biles was 5 0-6 8% of the plasma concentration. Other patients had practically no proteins present in their biles (classified in Table 1 as protein-poor biles). There was no correlation between the amount of protein in the bile and either the means of collection or the provisional diagnosis (Table 1) . No systematic differences could be observed between biles obtained by T-tube drainage and those obtained by what seemed to be the least invasive procedure, withdrawal during laparotomy. Very similar patterns were obtained when biles from the same patient were examined at different times after cholecystectomy with T-tube drainage or after endoscopic exploration of the bile duct.
Although the biliary concentrations of the majority of proteins which we examined obeyed the reciprocal relationships with molecular weight, as is clear from Fig. 2 , six proteins, namely IgA, caeruloplasmin, haptoglobin, haemoglobin, orosomucoid and P2-glycoprotein I, were present in bile at concentrations significantly greater than would be predicted from the concentrations of proteins such as albumin. Of these proteins a considerable proportion of the IgA was combined with second dimension was against a split antibody-containing gel containing in the lower part 5% anti-human serum (Dako, Copenhagen) and in the upper part .5% anti-human bile. It should be noted that, because of cathodic drift of IgG, the precipitation lines indicated by arrows which are due to proteins reacting with anti-(human bile) but not with anti-(human serum) appear somewhat below the junction ofthe two gels.
secretory component while haemoglobin was present in the form of haptoglobin:haemoglobin complexes (Fig. 3) . For the purposes of mathematical analysis, the biliary concentration relative to normal plasma of the high molecular weight protein OC2-macroglobulin may be taken as an indication of the extent of direct leakage. The differences between the relative concentrations of albumin and U2-macroglobulin may be taken as an indicator of the amount of protein transported by sieving. We accordingly carried out a statistical analysis of the variations of concentrations of proteins in different biles in relation to these parameters and to the concentration of secretory IgA. The results (Table 2) show that most of the variation in the concentrations of IgG, transferrin, haemopexin, prealbumin and orosomucoid correlate with variations in albumin and (x2-macroglobulin concentrations whereas the variations in IgA, haptoglobin, haemoglobin, caeruloplasmin, thyroxine-binding globulin and 32-glycoprotein I show no such correlation, although neither do they correlate well with concentrations of secretory IgA in the bile. The plasma concentration of several of these proteins is known to change in disease, however, and we therefore felt that some of the variation in biliary concentrations could be because of variations in the concentrations in plasma. We accordingly carried out a second series of studies on patients where we were able to obtain plasma samples drawn at approximately the same time as the sample of bile.
When matched specimens were received, we initially measured the concentrations of cX2-macroglobulin and albumin in plasma and bile. The two specimens in which at2-macroglobulin in bile was greater than 1% of the plasma concentration or those in which the albumin was either less than 0-5% of plasma concentration or similar to the 0c2-macroglobulin were rejected as 'abnormal'. Analysis of the relative concentration of proteins in bile and plasma (Fig. 4a) Statistical analysis of the data (Table 4) showed that the concentrations of IgG, IgM, orosomucoid and prealbumin correlated well with the degree of 'sieving' assessed as the difference between the relative concentration of albumin and u2-macroglobulin. There was also a significant correlation between the concentrations of haemoglobin (present as haptoglobin:haemoglobin complexes) and the concentration of secretory IgA and a weaker correlation between the relative concentrations of secretory IgA and caeruloplasmin.
Discussion
Our results indicate that the majority of the proteins of human bile derive from plasma although significant amounts of bile-specific proteins are present. The routes by which individual proteins reach bile may, in some cases, be deduced by further con- Table 4 Correlation between amounts ofproteins in 10 individual biles relative to the concentrations in plasma from the same patient and the relative concentration of (1) (x2-macroglobulin [<X2_M]r, taken as a measure of the leakage of whole plasma into bile, (2) In the majority of bile specimens, however, the concentrations of major plasma proteins were markedly dependent on molecular weight. The pioneering studies of Heremans and his colleagues6 9 showed that both in man and in dogs the variation in concentration in bile of the major plasma proteins albumin, orosomucoid, 02-macroglobulin and IgG could be explained by sieving through 'pores' with a maximum effective radius of 12-7 nm in man and 11-3 nm in dogs. Our studies show that, in addition to the four proteins mentioned, the bulk of bile haptoglobin, transferrin and prealbumin reach bile by sieving. For these proteins, the ratio of biliary to plasma concentrations plotted against the reciprocal of the molecular weight for each protein gives a straight line. Moreover, their biliary concentrations correlate well with the concentrations of albumin and a2-macroglobulin in the same bile. The situation is less clear cut for a few other proteins, namely haemopexin, thyroxinebinding globulin, GC globulin and X2HS-glycoprotein. The mean concentration of these proteins in bile, relative to their concentrations in serum are approximately those expected from their molecular weights (shown in Figs. 2 and 4) but the bile/serum ratios in individual patients (presented in Tables 2 and 4) correlate badly with the bile/ serum ratios of albumin and (X2-macroglobulin. All these proteins are, however, lower in molecular weight than albumin and the variation could be explained if there is individual variation in the degree of sieving of low molecular weight protein. Plotting the serum/bile ratios presented in Table 3 in individual patients against the inverse of molecular weight suggested that this is indeed the case. These results suggest that in some individuals the permeability of the barrier between blood and bile increases sharply at molecular weights of less than 60 000. In the majority of patients upturn in the curve is found at lower molecular weights, indicating that the permeability change normally occurs at a molecular weight of around or below 40 000. This suggests that the permeability of the blood-bile barrier is similar to that of the bloodurine barrier,31 which is likely because the permeability of tight junctions between hepatocytes probably governs the entry of proteins into bile in the same way as the permeability of tight junctions between podocytes governs entry of proteins into urine.
Thus the majority of bile proteins seem to derive from ultrafiltration of blood through the tight junctions between hepatocytes, the so called paracellular pathway. Thus ultrafiltration across the junctional complexes supplies by far the largest proportion of human bile proteins while specific transport of particular proteins across cells, the major route of entry of proteins into bile in rats,2-4 is a less important contributor in the entry of proteins. Furthermore, it would appear that, at least in liver disease, there can be leakage of plasma into bile, presumably, as large amounts of haemoglobin are not present, this is either because of leakage from lymph into bile ductules or of damage to hepatocytes resulting in leakage into bile canaliculi from the space of Disse. Finally it must not be forgotten that quantiatively minor, although possibly functionally important proteins, such as the bile specific glycoproteins described by Svenberg,40 appear in bile, although not in serum, and may well, like many biliary enzymes2 derive from solubilisation of the proteins from the bile canalicular surface of hepatocytes.
